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I. INTRODUCTION

Exposure to a physical, chemical, or biological agent
occurs when the agent comes into contact with an individual
or group of individuals. The magnitude of this exposure is
determined by the amount of thg agent in contact with the body
and the duration and f;equencj of contact. Estimatigis of
the magnitude of an exposure are known as "exposure assessments.”
Exposure asséssments are often combined with environmental
and health effects data to determine the risk associated with
a substance.

'~ Exposure asaesémenta are usually based, in part, on moni tor -
ing data. For example, monitoziﬁg data are collected to quantify
the amount of an agent in food, air, or water. Humans come
into contact with these media, which may contain these agents
at levels determined by sampling data. Other informatioﬁ,
including the duration and frequency of exposure to the agent,
is used to complete an exposure assessment.

Monitoring data aré not always available or attainable
for some situations tﬁat reqnire exposure or risk assessments..
This typically occurs during'the evaluation of premanufacturing
notifications (PMNs) of new chemical substances because the
chemical has not béen manufacturgd or psed prior to or during
this evaluation period. However, since the evaluation of a
.gﬂﬁfsubétance requires an assessment of the risk associated
S <5
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with that substance, some estimate must be made of likely levels

of exposure.

In situations such as these where no monitoring data exist,
environmental levels of a chemical can be predicted by mathema-
tical modeling. One definition of a mathematical model is
"an abstract, simplified mathematical construct @9;?ted to
a part of reality and created for a particular pufﬁése' (Bender
1978) . In other words, a mathematical model is .an equation
(or series of equations) that quantitatively mimics the relevant
features of a situation and computes a desired output. Mathema-
tical models have been developed that predict the generation,
dispersion, and fate of environmental agents in a variety of
different media such as food, hir, and water (Drake 1979, Miller
1978) . ] _

Exposure to a PMN chemical substance will occur chiefly
in an industrial setting during 1£s manufacture or use through
contamination of the airspace. Airborne concentrations of
a chemical substance are generally determined by industrial
air samples, but since the PMN chemical will not have been
manufactured or used during the evaluation period, no air sam-

- pling data will be availab;e. However, mathematical models _
can be used to predict airborne Eoncentration of a PMN substance
during its subsequent manufacture or use. The following paper
is a summary of published models used to predict airborne contam-
ipant concentrations in an industrial setting. To keep the

_fimdels consistent with each other, the variables héve been
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standardized for all the modeling equations. For example,
some published models represent "concentration" with the vari-
able X. Others use the variable C. As a result, the equationé
given here may appear to be different from those gi&én in the
referenced published version. However, the physical meanings
of the variables and the units have not been changed. The
variables found in the models are listed in Table Iffﬁ

A technical appendix, which describes how to assign numeric

values to the models' input variables, is attached.




TABLE I
INPUT PARAMETERS FOUND IN MODELS

Found
in Models
Variable Meaning Units (egqn. no.)
c Concentration mass/volume all
c, Average concentration
ci -Concentration in infiltration air 20,23,25
C° Initial concentration
ceq - Bguilibrium Concentration 8,10,31
'cmax Maximum concentration at a distance 32,40
downwind from the source
Q Ventilation Flow Rate volume/time 2.04,0.8,
10,20
Qi Volume flow of infiltration air 23,25
QR Volume flow of recirculated air 23,25
Qeff Volume flow of effective venti- 10
lation rate
v Volume of Room or Enclosure volume 2,4,7,20;
23,25
t Elapsed Time time 2,4,7,20,
23,25
G Generation Rate (source strength) mass/time 7,8,10,
Gj Source strength 65 the jth source 25,26
G(t) Time dependent source strength . 37
k Mixing Pactor (unitless) 4,7,10,
_ 20,23,25
a kj Mixing factor of the jth source i 26




TABLE I (Continued)

Found
in Models
Variable Meaning Units (egqn. no.)
E Bfficiency of Air Cleaning Filter (unitless) 23,26
P Production Rate | masé/time 17
Vel Velocity of Workplace Ambient
Air Passing Point of Contaminant distance/time 40
Release ;
f J Time Necessary for Each Source
’ to Complete a Contaminant time 26

} : . Generation Cycle




R . O

", —_ﬂpﬁh»} v

II. MATHEMATICAL MODELS OF WORKPLACE CONCENTRATION LEVELS

A. Mass Balance Models

The method most commonly used for modeling contaminant
concentrations in an iﬁduatrial environment is an equation
describing the mass balance of the contaminant as it is generated
in and removed from an enclosed space. This conceﬁg is visually

illustrated in Figure I. A contaminant will be released into

an enclosed space at a given rate, G. This release can be

instantaneous, constant, or a function of time. The contaminant
can also be released from one or more sources. Simultaneous
with the release of the contaminant, a fixed flow of air, Q.
will enter the room, diluting and mixing with.the contaminated
air. To prevent a buildup of‘f positive pressure in the room,

the same flow, Q, of contaminated air will leave the room.

‘As a result, the concentration of a contaminant will be contin-

uously changing with time because of the combined effects of
contaminant generation, and mixing and dilution with clean

ventilation air.’ |
- Mass balance models are-most applicablelfor contaminants
in the gaseous or vapor states because they follow normal air
currents and are not subject to gravitat;onal fo:ceé. The
concentration of small particles with diameters less than
10-20 microns can also be approximated by mass balance modéls

because the particles are carried with air currents, and their

; e
- settling rate is’ negligible. 95



FIGURE I _
MASS BALANCE IN AN ENCLOSED SPACE
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l. Simple Mass Balance Models
The simplest equation to describe the mass balance of

a contaminant in an enclosed space is:

vV ac = -cQ. | (1)
at )

V is the volume of the room, the ventilation air flow is repre-
sented by Q, and C is the contaminant concentration. The contami-
nant release is instantaneous, generating an initial concentration

of C,. The solution of equation (1) is:
cwig, o WL (2)
Equation (2) will satisfy mass balance only under ideally
mixed conditions. If k; is less than 1, implying that the

mixing of ventilation air with contaminated air was not complete,

the condition of mass balance will be met by equation:

V 4C = -kQC (3)
dt :

and the solution of equation (3) is given by:

=g, RRNE (4)

lSee Technical Appendix, Section B, for a discussion of the

krfactor or mixing factor.



Rjuation (4) has been referenced (Bridbord et al. 1575) and
is illustrated graphically in Figure II for different values
of k. '

The contaminant may be released at a(constant rate of

G (mass/time). The mass balance equation given in equation

(1) can be rewritten as: s

vac =G -co (5)

-dt
or, if E?EIE:EI?EI?;EQ is assumed:
V ac = G - kC | (6)
dat

The solution of equation (6) is given as:

lc = e+ (c, - c/pre™ ‘QM;} (7)

. and is illustrated graphically in Figure III. BEjuation (7)

has also been discussed by several authors (Roach 1977).



FIGURE II
(O i GRAPHICAL SOLUTION OF EQUATION (4)
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2. Simple Mass Balance Bjuilibrium Models
As t increases, equation (7) will reach an aqqilibrium

concentration, caq’

Caq = G/Q. (8)

Several authors have used equation (8) as a model to predict
contaminant concentration‘(Baker 1977, Becker et al: 1979).
It is perhaps the easiest model to use because it is not time
dependent and requires only two input parameters.

Baker (1977) tested this model for 1t§ ability to predict

solvent vapor concentrations in three rooms of a tire manufactur-

ing plant. The values for Q in the three different rooms were
éither directly measured, estimated from measurements taken

at other parts of the-plant, or taken from company records.
The methods used to determine Q in the Baker study can only

be used in a predictive model to estimate exposure to a PMN
substance if the relevant information is supplied by the sub-
mitter.

The method for determining G used in the Baker study was
based solely on solvent evaporation rates. (For a discussion
of estimating G, see the Technical Appendix, Section A).

Tables II through IV summarize the solvent concentrations
in the three rooms of the tire factory that were both measured
by air sampling and predicted by equation (8). Two or three

;p;edicted concentrations are given for each work area because

~

12



different methods were used to estimate Q; each estimate of

Q generated a different predicted contaminant concentration.
The measured concentration usually exceeded the predicted

concentration by up to a factor of 10. The author éoncluded

that thg measured or actual ventilation rate, Q, was greater

than the effective ventilation rate, Qg, due to incomplete

" mixing, which occurred even-at equilibrium. Q is related to

‘Qg by the k factor as shown in the following equation:

Qg = kQ. fo e (9)

-~

Therefore, equation (8) can be rewritten as:

Coq.™ G/KQ. (10)

(Typical values of k are given in Section B of the Technical

Appendix.)

13



egn () Coy = 6/RQ
TABLE II k= 6/e8

£
MEASURED AND PREDICTED CONCENTRATIONS
OF BENZENE USING EQUATION (8)
Elﬂ(g) eqn(|0)
Area Measured Predicted k
Tire .33 ppm .30 ppm? ) .9
Building ol
.10 ppm? - .30
.15 ppm? .45
Final .13 ppm .046° .36
Finish
.026° .43
Cement .66 - .067° .10
House '
= '
.047° .07

2 9 estimated

b Q measured

€ Q determined from company records

(Baker 1977)

14




TABLE III

MEASURED AND PREDICTED CONCENTRATIONS
OF HEXANE USING EQUATION_(8¥

(fo)

Area Measured Predicted K
Tire 8.3 ppm 11.692 1.4
Building

3.742 .45

5.892 71
Final  1.29 ppm 1.0 .77
Finish

.57 .43

Cement 10.2 ppm 3.39° .33
House

2.41° .24

8 Q estimated
b Q measured

€ g determined from company records

(Baker 1977)

e

- :~f-3W; T
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TABLE IV
% _ MEASURED AND PREDICTED CONCENTRATIONS
L : OF TOLUENE USING EQUATION i
Qe
l Area Measur ed Estimated k
I Tire .40 ppm .428 1.01
Building - o '
-5
l .132 .32
l .21% .52
Final .65 ppm .31P .48
I Finish
.18€ .28
Cement .53 ppm- .09_9b .18
House :
I~ .071€ «13
2 Q estimatea
P o measured
€ Q determined from company records
(Baker 1977)
m

-
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Bjuation (13) can be rewritten as:
V(M’) = 4.67 P(kg/day) + 5,660. (14)

A graph of equation (14) is given in Figure IV. The authors
did not fully explain the rationale behind this equation, ang

its accuracy is questioned.

The final assumption made in the model is tﬁét industrial
ventilation will always be 10 air changes per hour. 1In other
worda, a volume of ventilation air equal to 10 times the room
volume will flow through the room in 1 hour. The assumed room

ventilation rate, Q(mg3/hour), will be:
Q(ma/hour) = 10V (m3)/hour. (15)

If the room volume is a function of maximum daily-produﬁtion,
then ventilation flow will also be a function of production.
Combining equations (14) and (15) produces the following expres-
sion:

Q(n3/hour) = 10[4.67 x P(kg/day) + 5,660]m3. (16)

1 hour

If the in-plant concentration is defined by the ratio
of G(mg/hour) to Q(m /hour), then the ratios of equations (12)

and (16) can be written as:

C(mg/m3) =  4.167 x P(kg/day) B2 cher (1)
4.67 x P(kg/day) + 5, 660 el
X o\
W

18



BEuation (17) is'the.model given by Becker et al. (1977).
Its graphical solution is given in Figure V. Although the
only input into the Becker model is P, maximum daily production,
the model is still based on equation (8) . The Becker model
multiplies the numerator of equation (17) with a va:iable, R.
R is defined as "persistence” (R = 1.0 for a gasedﬁs contaminant
ana 3.0 for a nonvo;atile); No further explanation of R nor
the derivation of its values was given.

The derivation of the Becker model, 53 given in this sec-
tion, was not presented by Becker et al. (1979) . Further,
the model and its three assumptions, given by eguations (12),
(14) , and (15), were not verified experimentally in that paper.

19
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3. Complex Mass Balance Models

Any terms that describe the generation or removal of a
coﬁtaminant from an enclosed space can be respectively added
or subtracted from the simple mass balance equations (2) and
(5). For example, the contaminant can be generated from many
sources or can be characterized as a function of time. The
contaminant can also enter the room if it is contained in the
ventilation air.

Although the mass balance equations ﬁhat contain the addi-
tional terms are not complicated, the integrated solutions
to these egquations are. The equations are also more difficult
to use because they require more input parameters. However,
if an industrial setting is sufficiently well characterized
and all the necessary inputs to the model are known, these
equations may give more accurate estimates of actual concentra-
tions. |

Harris et al. (1979) described a maés balance model that
contains an additional term for the concentration of contaminant
in the incoming dilution (infiltrafion) air. The eguation
is given by:

Vdc =G+ QC, - QC. (18)

dat

Inteﬁration of equation (18) yields:

ct - CQ e-(Q/v)t + (cl + G/Q) (1 _e"[Q/v] t) . (19’

22



If the mixing factor is considered in equation (18), its integra- -7

tion will be rewritten as:

Cp = Co e XAVt ¢ (e v g1 - e7KIOME) | (3

Turk (1963) also presents a'model that accounts for the
presence of the pollution in infiltration air. However, his
model assumes that some of the cdntaminated air in the room
will be recirculated after it is passed through a filtering
device with a known efficiency, E. The mass balance equation
for a workplace in which the contaminated air is filtered and

recirculated will be written as:

v g_g = G+Cy0; -Co; - CEQ. . (21) |
The solution of equation (21) is written as:
C = co e-([Qi+EQr]/V)t
+ C.Q.+G
e § ((Q,+EQ ) /V1 ¢t
— (]l - @ i r ).
Q;+EQ, (22)
If the k factor is conéidered, equation (22) will be written as:
c.= Co e-k([Qi"'EQr] /V)t
_ (23)
Pl ekt Mk,
Qi+30r |

MRS

23



Ishizu (1980) noted-that since k describes a difference between
the actual and effective ventilation flows (k = Q effective/Q

actual), his publzshed model mod1f1es equation (21) as follows:
( S\AOu\J _k be’wg,

v gg =G + Ciin - CkQ; - CkEQr. (24)

The integration of this equation produces:

6= G, e K ([Q;+EQ 1 /V)t + kC;Q;+G

?B__'}(l - ek[(Q;+EQ ) /Mt

(25)

To verify his model, Ishizu. compared the concentrat1ons
Predicted by equations (22) and (25) with the actual smoke
concentration in a room containing smouldering cigarettes with
a known rate of contaminant release. The room volume and venti-

lation rate were also known. The results of these comparisons

~are given in Figures VI and VII. The results of this experiment

show that equation (25) was better able to predict the concentra-

tion of smoke in a test chamber.

e

24
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FIGURE VI

COMPARISON OF EXPERIMENTAL RESULTS WITH RESULTS
' PREDICTED FROM EQUATION (22)
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FIGURE VII
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Eeman (1978) published the most complex mass balance model
used for.predicting contaminant concentration in enclosed spaces.
His model accounts for multiple sources-;n which each source
has its own generation rate and mixing factor. Further, each
source will be periodic and will only be releasing contaminant
for part of a cycle; it will be inactive the :em;;:der of the
time. The duration of the cycle for each source Jill be conta-
minant Ji' During ay fraction of time Jig the contaminant
will be released, and for the remaining fraction of time, l-ai,
the source will not release contaminant. |

The solution of the mass balance equation for the completion

of n cycles will be:

§ QOCO
C(t{ = Cinexp(-sot) + 6;_:_35;'[1 - exp(-Bot)]
m o ony
X +j£1 1£l‘Binij + Bijpij) (26)
where: -
s o %i3(9 + Ep) |
i3 v (27)
Piy = 1 - exp(-Bj4a;,J,.) (28)
, i-1
T3 71O By 0 i - em-s 0,0
| (29)
. )
Bi = ij » . - .
? Kig(Qo + EQg) - (30)

27
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The subscript "i®" is the time interval index and "j" is the
source index.

Because all of the parameters for each individual cycle
are not likely to be known, even for the most well-studied
environments, one can estimate the average concentration addl
the peak coﬁcentration for plants with multiple contaminant

= et
-

sources. These quantities have been derived as:

cC_ = —2%51—- +I B
and: '
m
o . w MG 4 I By 10FR (A4l
max Qi+EQR ij=1 - 1l-exp (Bij) (32)

Ishizu (1980) considered the mass balance equation given
in egquation (24) in which G was a function of time. Thus far,
G has always been considered to be constant. When G is time

variant, equation (24) is rewritten as:

V dC = G(t) + C;kQ; - CkQ; - CkQ E (33)
dat '

Rewriting equation (33) yields:'

ac/at + PC = Q (34)

28
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where:
P =k(Q; + EQ) (35)
v
g = SUEL * CokOy (36)
v 5

Since equation (34) is a lipear equation of the first order,

it can be solved as:

: " _
e (Frmmes)
| o (37)

When G(t)lis expressed by power functions as:

G(t) = at™

where a is a constant and n is an integer (0,1,2,3,...), then:

n(n - 1)¢" ~ 2

+(—1)“’1 Rt . (-1)n n! ]

P Pn+1
; (38)
C.; kQ a + C;kQ
1™%1 b il |
Ry T kg g B

When G(t) is expressed by sine functions as:

£ G(t) = b sin (ct)

where b ahd c are constants, then:

29



EESEE A A EEE RN AcEREERERR

_pt | b €5 (P sinfct] -c cos[et]) +¢
C=e v P-+q2 (39)

cikoiept -1 ]
+ +C
v P °J

Other forms of G(t) can be solved by referring to a table

of integrals. : )

4. Summary of Mass Balance Models

Table V summarizes and compares all of the mass balance
equations found in Section II-A, Mass Balance Models. This
table illustrates t.hat all the models are essentially similar
and only differ by factors added to or subtracted from the
mass balance equation. Other mass balance models can be derived
for any industrial set'ting in which a contaminant is generated

in and removed from an enclosed space.

30



TABLE V
MASS BALANCE MODELS

Mass Balance Equation Solution
v .. .- Cé -/t
v g_g_ = - kCQ | c=c, o k(@N) t
vggac-cq | C =G/Q + (CO_G/Q,Q-(Q/VH;
qc c =6/ + (c, - 6/Qe KAWL

v aE =G - kcp

e~ @Mt ¢ (c, + e (1 - OV

T€

C=2¢C
dac o
Vv i G + ciq - CQ_

ac | e, XOMEL o L gm - KOMY
VE'G-l-kCiQ“kCQ '
c=20C Ie—((Qi + EQr)/V)t.+ ciQi + G (1 = e-((Qi + Er)/V)t

i 9 Ci% * 6
VE-G-bCiQi-CQi-CEQr Qi-I-EQr

v at = G(t) + kCyQy - kCQy - KCEQ,. Variable -- depends on the function G(t)
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B. Miscellaneous Models

Two other models that estimate contaminant concentrations
have been described in the literature. These models are not
based on the principles of mass balance, dilution, and mixing
as were the models discussed previously. One model characterizes
the behavior of an airborne substance in terms of Gaussian
diffusion; the other relates the. behavior of airborne particles
to aerosol mechanics. The former model is most applicable
to substances manufactured or used in rooms with large volumes;

the latter is applicable to large, heavy particles whose airborne

" behavior will be affected by gravitational settling.
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1. Schroy Model
Schroy (1979) developed a modeling procedure that utilizes
both emission rate (source strength) anleaussian diffusion.
Gaussian diffusion is a probabilistic phenomenon. in which par-
ticles engage in "random walks" in space, gradually and predic-
tively moving away from a source. Gaussian dispersion models
are genefally_used to model air pollution (Turner 1969). Gaussian
models are generally more applicable to contaminants generated
in rooms with large volumes or to chemicals manufactured or
used outdoors.
The model is designed to predict. the maximum downwind
concentration of the contaminant as a function of distance
from the source. It can calculate the expected workplace concen-
tratidn at a given point either from one source or from a number~H;
of sources..
The air dispersion equation for maximum downwind concen-

trations at a given distance from the source is given as:

Cpax = 57-715 x G (1/Vel) (1/270,3,) 4. _ (40)

stonda

The variables ay and g, are defined as diffusion coefficients devia

oL

(in meters), which are functions of the distance, d, from the **~£
g

contaminant. The quantity l/(ZFOYUzI is also a function of A

: of

distance. Values of 1/(210302) as a function of distance, L“~

d, are given in Table V. G must be expressed in grams per

hour, and velocity is expressed in feet per minute.

5 erga\ﬂd‘ g v _(z-‘h)t g L}L ) :
C= - u?(y—-z exp - "2zl 4+ exp - (¢ C

?.rrrya’at;o za’y. F A 2.4‘},1'
vel | £or X,Y,% ponk away Crom

%3 stackt of ke»sk* b
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TABLE VI

VALUES OF 1/2!1:!Yaz FOR EQUATION (40)

[ DISTANCE, d. | VALUE OF DISTANCE, 4 VALUE OF | DISTANCE, @ VALUE OF
Feet| Meters | ( 1/(Zqﬂyu:l) Peet | Meters (lllzlmyu 'z)) Feet Meters (/( 2n0y0z))
1.5 0.1458 | 12.0 ~ 0.07431 65.6 20 0.01989
1.64 0.5 0.1447 13.12] 4.0 0.07074 98.4 | 130 0.01255
2.0 0.1420 4.0 ' 0.06844 | 131.0 40 0.00938
3.0 0.1347 16.0 0.06324 164.0 | so 0.00793
3.28| 1.0 © 0.1326 ' 16.41 | 5.0 0.06217 196.8 60 0.00642 -
4.0 0.1259 18.0 . 0.05873 229.7 |- 170 0.00553
5.0 | - 0.1166 19.69 | 6.0 - 0.05507 | 262.5 80 0.00463
6.0 0.1072 || 20.0 0.05451 295.3 90 - 0.00426
6.56| 2.0 . 0.1020 25,0 " 0.04912 328.1 100 .0.00372
7.0 1 0.00929 || 26.25| 8.0 0.04528
8.0 0.09288 29.53 | 9.0 0.04188
9.0 .+ | o0,08653 30.0 - 0.04131 .
9.84| 3.0 "~ 0.08120 32.80 | 10.0 0.03789

10.0 0,08069 || 35.0 _ 0.03521
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Workplace concentrations can be calculated for any location
by sumﬁing the concentrations due to n individual sources:

n

(Coy) =z (C

max max).' (41)

total 1=1 i

The limits of the model's validity are shown visually
in Figure VIII. The model is only valid downwina from an uncon-
finea plume for points lying in an x,y plane. The plane is
defined by two vectors, the air velocity vector and a vector
perpendicular to the floor. Further, the limits of valiadity

are bounded on the x-axis of the plane by the distance:

+on 8.¢%= 0.1912

X = h(tan 8.6%). 2 _ (42)
M1 A

It is bounded on the y-axis by the coordinates:

Yiower = 0 ~ d(tan 8.6°) (43)

and

Yupper = D * d(tan 8.6°). ' | (44)

The variable h is defined as the height of the source on the
y-axis, ana d is the distance from the source on the x-axis.
No experimental verification of the model was given in

the paper.
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SOURCE

FIGURE VIII

LIMITS OF VALIDITY-OF EQUATION (40)
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2. Davis Model

Davis (1971) developed a model that calculated aerosol
concentration in a closed vessel. The model was based on the
properties and mechanics of airborne particles such as particle
generation, coagulation, and séttling velocity. The tnebry

on which the model is based is very complicatea; thus, the

- model's derivation (given in the paper) is not repeated. The

equations in the model are also complicated, and it is advisable
to use the model on é computet. -

The following variables and physical constants are inputs.
into the model:

No = initial particle number concentration (no./cm3)
p = particle density (g/cm3)

I . ' 3
vmin' vﬁax minimum and maximum pargxcle volumes (cm~)

G = mass generation rate (g/cm3-sec)

h = height of source (cm)

K = coagulation rate constant

=3 x 1070 cm3/partic1e-sec

g = acceleration due to gravity

= 980 cm/sec2

n = viscosity of air

= 1.81 x 10™4 gm/cm-sec

g = mean free path of molecules in air

0.07 mm = 7 % 10”6 cm.

37



Each of these input variables and constants is used in the
equation to determine aerosol number concentration

(number particles/cm3) at a given time t:

N,=-K' + R+ (K'+R) a =
2K (1 - ge RE) (45)
where:
K' = VC/h “ - (46)
v = (3/41)2/3 (20g/9n)AE (47)
= - -1 ’ (48)
A uﬂmin 1/Vmax)
E = 3(vmin‘l/3 = vmax‘1/3) (49)
o 1/3 =273 _ 373
C =1 + (3A\/2E) (4n/3) (Voin V.o )
R = [(K')2 + 4kg"]1/2 (51)
K" = GB/Ap (52)
B = 1/1§ (V. A ) | (53)
Q= zzno'+ k=3
2KN, + K' + R (54)

The calculatea value of Nt can be converted to a mass concentra-
tion at a given time t by the equation:
M_ = N, p A/B. _ i (55)

This model has been verified experimentally in a test
chamber. Figure IX shows the comparison of the calculated
and observed concentrations as a function of time. The input

parameters were controlled by the author.
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FIGURE IX
COMPARISON OF EXPERIMENTAL RESULTS WITH RESULTS
PREDICTED FROM EQUATION (45)
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III. DISCUSSION

The most commonly used modeling methodology for determining
exposure to a substance in an encloéed space consists of mass
balance equations. These equations describe the change in
contaminant concentrations over time as the contaminant simul-
taneously enters and leaves the space.

The simplest mass balance equation approaches an equilibrium

concentration of:

Ceq = G/Q (56)
or

Ceq = G/kQ. (57)-

These equations fequire onlf two or three input variables and
may, in fact, be the most practical (although not the most
preciée) models for estimatihg workplace concentration levels
of PMN substances. Because the PMN substance will not have
been manufactured or used during the PMN evaluation period,
the many inputs found in the more complicated models cannot
be sufficiently characterized to warrant the models' use.

A modified approach - for solving equation (56) was proposed
in a document written specifically for the purpose of describing
how to ptedict exposures to new chemical substances (Becker et al.
1979) . However, the model defines both G and Q as linear func-
tions of production volume (or amount used). Therefore, airborne

concentration is related solely to production rate according

40



to the model and ignores all other factors such as the different
physical and chemical properties of substances.. It is obvious
that a plant that uses 500 pounds a day of a highly volatile
solvent will have a higher airborne concentration of the solvent
than a plant that uses 500 pounds of a less volatile solvent.
As discussed in the fechnical Appendix to this document, the
generation rate will be related to both the physicochemicai
properties of the substance and engineering aspects of its
use. Further, Figure V, a graphical representation of the
model, shows that the airborne concentration of a gas should
never exceed 0.9 mg/m3. This has ftequently been shown to
be untrue. |

At pPresent, neither the Occupational Safety and Health
Administration (OSHA) nor the National Institute of Occupational
Safety and Health (NIOSH) have standard modeling methodologies
for predicting workplace concentrations. One NIOSH official
(Leidel 1981) explained that the agency is generally skeptical
of such modeling procedures because so many relevant féctors
cannot be included in even the most complicated models. These
factors include and are not limited to specific environmental
determinant variables such aé airflow patterns around specific
workers, age and layout of plant, and degree of automation;
temporal determinant variables such as time of day, day of
Year, and season; and behavioral determinant variables such
as employee work practices, management attitudes, and presence

of occupational health personnel. The errors associated with

bl
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each of these modelé in an actual industr;al setting, although
modified somewhat by the k factor, will still exist at an undeter-
mined magnitude. |

It should be noted, however, that OSHA and NIOSH have
no specific need for mathematical models that predict airborne
concentrations. They have the resources ahd capabilities to
collect actual sampling dﬁta of existing chemicals. EPA, on

the other hand, must predict the dccupational exposure and

‘subsequent risk of chemicals prior to their manufacture and

use. It is therefore a question of policy to decide whether
estimates of workplace exposure generated from existing modeling
techniques, in spite of their limitations, aré more beneficial

in the PMN evaluation process than no exposure estimates.

42



P e —c

TECHNICAL APPENDIX

ASSIGNMENT OF NUMERIC VALUES TO
MODELS' INPUT VARIABLES



5 @ EE e

Eﬂi- il ?MF N T e

(2) Intrinsic properties of a chemical that determine

its tendency to volatilize and, thus, enter the gas phase ih—
clude: -
® vapor pressure
e molecular weight
o:mﬂ“”‘““
The manner in whicﬁﬂ;hése factors (especially the latter set)
affect the extent of exposure will be described in the following
sections with emphasis on procedures for estimating values
of such factors to be used in exposure assessments.
A series of increasingly sophisticated models have been
employéd to calculate airborne contaminant concentrations.
In such models, airborne concentrations are expressed as a
function of the room volume, V; room ventilation‘'rate, Q; and
a genératipn rate, G. G is defined as the rate at which a
contaminant enters the gas phase. Since room volume is easily
determined, and methods for measuring or estimating ventilation

rates have been developed (ACGIH 1978), the problems associated

with performing an exposure assessment have been reduced to

- obtaining values for the generation rate, G. The remainder

of this appendix is devoted to factors affecting G and the
techniques for determining such generation'rates from MPD elements

and .information found in the open literature.



METHODS FOR DETERMINING VAPOR GENERATION RATES

1. Introduction

The main section of this document discusses a series of
models for calculating the concentration of airborne contaminants
employed in exposure assessments. One of the key ihput parameters
required in these models is‘the rate that a substance is trans-
formed from a liqpid or solid to a gas. These are termed genera-
tion rates, G. This section details methods for determining
the parameter G using information available during'the PMN
period.

Frequently, the primary source of exposure associated
‘with the manufacture or use of a particular chemical product
is through local contamination of the ambient air space. Thg
extent to which such contamination occurs is a function of
two groups of factors:

(1) Engineering factors associated with the conditions

under which a chemical is manufactured or used such as:
e ventilation rates
@ room volume
e the extent to which a chemical is in direct contact
with the air. |
These factors have been discussed in thq_main body of this

report.




suggests, G is a function of (1) the equilibrium vapor pressure,
p°, (2) the surface area of the liquid in contact with the

air, A, and (3) the overall mass transport ﬁoefficient, K.

A brief analysis of the evaporation process preéented in the
following section relates transport cbefficients, K, to gas
phase diffusion coefficients, D (which in turn are a function'

of molecular weights and volumes as outlined in Section IV-B).

III. The Evaporation Process

When a liquid is exposed to air, molecules in the vicinity
of the surface with sufficient kinetic energy to overcome attrac-
tive forces present in the liquid, escape into the gas phase.
Such migration is initially rapid and causes the air space
immediately adjacent to the surface to become saturated. The
net migration of material from the liquid into the gas phase
decreases with time, however, because the number of molecules
moving in the opposite direction increases with the concentration
of molecules in the adjacent air space. (At equilibrium, the
gas phase concentration of molecules reaches the intrinsic
vapor pressure of the 1iquid and migration across the surface
is equal in both directionﬁ, Thus, no net movement of material
occurs.) ‘ '

'~ Movement of molecules away from the interfacel into the

bulk of the gas phase is governed by diffusion.

1
An arbitrarily thin volume element centered on the surface

g§ the liquid and extending equally into the gas and liquid
ases., : .



I1I. PFactors Affecting Generation Rates

The simplest equation desc:ibi;g the generation rate for

&
a volatile liquid (Thibodeaux 1979) is:

n

'U"“
et

G = Ka (p°-P) (1)

A=

Arsnn § for

In equation 1, the generatioﬁ rate, G, is in g/sec. A is the

area of the surface from which the liquid is evaporating in

cmz. K is the overall mass transfer coefficient in cm/sec

and represents a propo:ttonaltty constant relating the driving

force for evaporatign to.the generation rate. The artviﬁg

force for evaporation, (p°-P) , is the difference between the

equilibrium vapor pressure, p°, of the liquid at ambient tempera-

ture, and the actual partiai pressure, P, of the vapor present -

in the gas phase. Both P° and P are expressed in atmospheres.

™M, the molecular weight of the liquid in g/mole; R, the universal

gas constant in cm atm/moleok- and T, the ambient tamperature

in %k all represent oonstants required solely for the units

’EEEEquation 1 to be consistent.) For most important applications,
T 'i P°>§}so that G is effectively independent of the ambient gas

\ﬁw phase concentration.

I
|
i
l
|
i
i
X
i
L
¥
L
-
ok 3 | - _
t:v;;;‘;w., . T o
| (A method for aslsessing éxposure whe;l P is significant is pre-

i

sented later in this appendix in Section IV-E.) As equation 2
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In general, the rate of migration across the interface (intrinsic
evaporation) is rapid relative to the rate of diffusion away .

from the vicinity of the interface. The rate at which a 1i§uid
appears to evaporate is therefore governed by diffusion. Since
(P°-P) is essentially a macroscopic pressure gradient, a comparison
of equations 1 and 3 suggests that, to a first approximation,

mass transfer coefficients ére proportional to gas phase diffusion

coefficients.

K = const.D (4)

x £5 fceJ coN&a‘R‘Lo/\
" Experiments demonstrate that turbylemncCe contributes sig-

nificantly to diffusion, however, so that K is more accurately

a power function of D.l

X = const. (p)2/3 - (5)

From this understanding, it should now be possible to estimate

mass transfer coefficients and determine generation rates.

1Depending on the manner in which turbulence is modeled, the
power of D in equation 5 can vary between 0.1 and 0.9. For

- most applications, 2/3 is expected to be the best estimate,

though for thin films the value is probably closer to 1
(Thi bodeaux 1979) .

_-‘n.;h‘ £
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J = 2=

RT

Equation 3 is Fick's first law of diffusion (Moore 1972) where

J is the flux of material iﬁ a direction normal to the interface
and %T %% is the concentration gradient as a function of distance
from the interface. The constant of proportionality, D, is

known as a diffusion coefficient and is a function of intrinsic
properties of both thg vapﬁr underéoing diffusion and the gaseous
media (air in this case) through which it is diffusing. Diffusion
coefficients also depend upon the temperature of the system.

Figure A-1l illustrates the concentration of material in

the vicinity of an interface.

FIGURE A-l ' X

Interface
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A. Calculating Generation Rates from Mass rTransfer Coefficients

The generation rate, G, for a pure liquid evaporating

into still airl can be calculated using equation 2 in the follow-

ing manner.

g2.1
In equation 2, R is the universal gas constant equal to ==, &
£T5 atm cm’/mole®k, and T is the ambient temperature and
can be set equal to 298°K for most applications. Both the
molecular weight, M, and equilibrium vapor preaﬁure,-?o, are
intrinsic properties of substances and are available in the

literature for a large number of compounds. For new chemicals,

'both M and P° are among the properties included in the MPD.

This leaves only the mass transfer coefficient, K, to be determined.
Mass transfer coefficients, K, can either be measured
experimentally or estimated. Methods for estimating K follow.

B. Determination of Coefficient Values

1. Mass Transfer Coefficients

Mass transfer coefficients, K, vary with the intrinsic

properties of the liquid as well as properties of the medium

1Though empirical relationships accounting for the bulk movement

of air are available (Mackay et al. 1973) , manufacture and

use of most chemicals being studied occur indoors where such

movement is 1nsign§ficant. For example, typical ventilation

rates are 3,000 £t°/min. Even in a small room 10 feet high

and 10 feet deep, the average air velocity across the room

#4ill therefore average 30 £t/min (or 0.5 ft/sec). Due to the
air, velocities near surfaces will be even S ;

pical gas phase diffusion rates are 0.5 cm/ ?

) rger than the average bulk flow rates DYy ¢

Us bulk air flow is insignificant.

\(15 ft/SEC
o

A-8



Iv. Determination of Generation Rates for Chemicals in SPecific

Environments

Equations presented previously in this document will be

manipulated in this section to demonstrate their function.

Part IV is divided into five sectionms.

e Section A details the relationship between generation
rates, G, and mass transfer coefficients, K.

e Section B presents meﬁhods for estimating mass transfer
coefficients. (Since mass transfer coefficients are
closely associated with diffusion coefficients, methods

"for obtaining diffusion coefficients are also included
in this section.) -

e Section C extends the methods for estimating generation
rates to include pure solids.

o' Section D presents a method for estimating mass transfer
coefficients (and, correspondingly, generation rates)
for components of dilute solutions using Henry's law.

e Section E illustrates a method of modifying equations
employed in exposufe agsessments when bulk gas phase
partial pressures are significaqt so that generation
rates are not independent of ambient pressure.

In all of these sections, required input parameters will be
defined and either published sources will be referenced or

methods for estimating such parameters will be included.
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Substituting this value and the value for the diffusion coefficient

0.6 3

of water in air (0.288 cmz/sec) into equation 6 yields an eqpatiqn

for calculating mass transfer coefficients of other species.

0.2 2

K =5 (m | Y

The only required input for this equation is the diffusion
coefficient in air for the new species of interest.

2. Diffusion Coefficients

Diffusion coefficients may be measuréd or estimated.
A large number of experimental gaseous diffusion coefficients
have been determined and are available in the literature (Reid
ot &y 1972)" |

A number of methods are available for estimating diffusion
coefficients that require different forms ofidata as inputs.
These have been summarized (Reid et al. 1972). Based on the
kinds of information likely to be available for exposure assessments
(e.g., information contained in the MPD) the method of Fuller,
Schettler, and Giddings (Reid et al. 1972) for estimating diffusion

coefficients should be most useful, and is described below.

1 iffusion coefficients are generally defined with respect
to two substances reflecting the fact that one species diffuses
into another. For the gas phase diffusion coefficients referred
to in these equations, one of the two substances will be air.
For example, a useful diffusion coefficient for benzene would
be the diffusion coefficient measured for a mixture of benzene

and air. i
a-10 - t




into which the liquid evaporates. Because these coefficients il

also depend intimately on the shape of the pressure gradient

depicted in Figure A-1, it is not generally possible to derive

values for K from first principles. Although mass transfer

coefficients have been shown to be proportioﬁal to a power_

of the gas phase diffusion cqgfficient (equation 5), the constant

of proportionality in equation 5 cannot easily begtheoretically

‘derived. Thus, transfer coefficients are obtained from a combina-

tion of experimental observations and empirical relationships.
Manipulation of equation 5 leads to the conclusion that

the ratio of two mass transfer coefficients depends only on

the ratio of gas phase diffusion éoeficients (there is no undeter-

mined constant).

e

2/3
Ky |D2

Thus, knowledge of a mass transfer coefficient for one
chemical can be employed to estimate the mass transfer coefficieht
for any other chemical, provided that the gas phase diffusion
coefficients in air are known for both species. The subscripts
in .equation 6 denote reference té two different substances.
Sources for values of diffusion coefficients are presented

at the end of this section.

Since the evaporation rate for water into still air has
&
been determined, a mass transfer coefficient can be calculated

for this process (Mackay et al. 1980).



In equation 8, Dy is the gas phase diffusion coefficient in
cmz/sec,-P is the ambient pressure in atmospheres, T is the
ambient temperature in o Ml and M, are the molecular weights
of the diffusing vapor and background medium, respectively,

and v is an atomic diffusion volume derived from Table A-I.

TABLE A-1l-

Atomic Diiysien Velumas tor Use In
ml.qnwum.m
e Giddlaget

Asomic and Structural Diffusion-Volume
Yacrerments v

C K || @ s
. isjim s
© 848 || Aromaticting -202
o ‘5890 || Heterocydic ring -2

Diffusion Volumes for Simple Molecules Iv

. . |§.CO : 18.9
D. 6% || CO, 2%.9
He 2 (| NO 59
N, 179 NH, 149
o |, Y} HO 1.7 —l——
Air 2.1 (CCLFy) 1148
Ar ¥ [ 1 A 0.7
Rr s ) 7.7
Xe) £ (Br) 2
SOy) 41.1

4Parentheses indicate that the value ksted i
based on only a lew data pninus.

a-12




(This method has been compafed with a large number of experiméntal
values and is generally accurate to +20%.)

Diffusion coefficients are a function of temperature,
molecular weight of the diffusing vapor, molecular weight of
the medium into which the vapor is diffusing, and the molecular
volumes of both species. Except for molecular volumes, all
of the above factors should be readily available.

Molecular volumes may be estimated by summing contributions
from atomic volumes, Vv, for.each of the atoms present in the
molecule. (The identity of these atoms may be obtained from
the MPD element "structural formula".) Atomic volumes are
tabuiated in Table I which, in turn, is reproduced from Reid
et al. (1972). The molecular volume of methane, CH,, is determined

to illustrate their use.

CH, = 1 C + 4H
v = (1) (16.5) + (4)(1.98) = 24.4

Molecular volumes so computed may be combined with the

B
Vr.éV’/S
‘fﬂ 0

other factors above to derive diffusion coefficients.
M, + My 1/2 -

2
P[(Ev)ll/3+(2v)ml/3]

(8)

e g

A-1ll
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M D
L 1 ap® (11)

q * RT Kref (D f)
In equation 11, G is the generation rate, M is the moleculaf

Jdight of the liquid, R is the universal gas constant, T is
the ambient temperature, A is the surface area in contact.with
the air, P° is the equilibrium vapor pressure of the liquid,
and K, .¢ is an experimentallmass transfer coefficient determined

.~ for a reference compound (water can be used in most cases,
see equation 7). Pinally, D; and D ., are gas phase diffusion
coefficients for the liquid of interest and reference compound
respectively. Thege can be estimated as suggested in Section B

. above.

Equation 11 should be applicable in all cases where a

concentration gradient does not develop on the 11quxd side

. of the interface (see Section D). This would be true for all
pure compounds including solids. Thus, generation rates for
pure solids may also be calculated from equation 11 with two
additional considerations. First, a potential problem associated
with estimating generation rates for volatile solids is the
surface area. The surface area of a solid need not be regular,
unlike a 1iquid, so that considerably more effort may be required
to estimate the extent of the surface ﬁrea in direct contact
with air. Second, since the mechﬁnisms of evaporation for
liquids and solids are not unrelated , water may be employed

- ,fas a reference compound as in equation 7. An experimental

' mass transfer coefficient for any evaporating soltﬂ would be

Preferable to that for water, however.

A-14
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Since the background medium in these systems will be air,

o h 300 OV = DEPE U %

ambient pressure is 1 atmosphere, and ambient temperature is 2 ,hjﬂ
2%
298°K, equation 8 reduces to: '% 19 (' =

P 1/2 T 8 Eavq 342N
p 1 3 99 Hi ‘?3~8
{ Dl ( ) ; .{9)

‘L

—

ki

\_’l:wv)l/-" + 2.72] 5 1

Thus, using the values supplied in Table A-I and. the mdiecular g
weight for the species of interest, the diffusion coefficient

TGu e by .

for a substance in air can be derived.

Relative diffusion coefficients are even easier to derive

o R SRR,

since they are inversely proportional to the square root of'
molecular weight. ‘ _

Dl = “Dref Lﬁ-;- (10) el -

In equation 10, D, is the diffusion coefficient of interest,

D.o¢ is a diffusion coefficient for a reference compound .

My and M_,¢ are the molecular weights of species 1 and the
reference species, respectively. Presumably, D .o can be derived

from a table. NOTE: The more closely related a reference

compound is to the compound of interest, the better the approxima-
tion derived in equation 10. |
C. Extending the Methods for Estimating Generation Rates:

Pure Solids

;5:00mbining equations 2 and 6, the moﬁt appropriate;eqnation
£6f estimating a generation rate for a pure liquid evgporating

13
g

into still air is:

A-13




FIGURE A-2
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2. Determination of Mass Transfer Coefficients

Mass transfer coefficients can be defined for each phase
of the evaporation process.

Jg = kq(Pi - P) (12)

Iy o= kg (X = Xy) O (13)

J is the material flux across each ph&se.' (Assuming a steady

state is achieved, material leaving the liquid must equal material

entering the gas phase at the interface which, in turn, must
/*équal material dispersing into the bulk phase. Thus, all fluxes

RO e WAt Jg =Jy = Jrotal ™ G-) -

A-16



D. Modeling Evaporation of a Volatile Component from a Dilute J

Liquid Mixture
1. Processes Associated with Evaporation of a Volatile

Component
Modifying equations developed for a pure liquid to include

mi xtures is conceptually simple. The major difference is that,

in a mixture, a concentration gradient will develop on both

sides of the interface. Thus, diffusion dominates movement

of material on both sides of the interface. Figure A-2 represents

the concentration of a contaminant present in solution which

is escaping into the gas phase. As in Figure A-l, concentration

gradients are large only in the vicinity of the interface.

In Figure A-2, X is the mole fraction of the contaminant

in solution. As evaﬁotation proceeds , the volatile component

of the liquiad in the vicinity of the interface becomes depleted

so the mole Eracgion of,dontéminant at the interface is X; .

(The concentration of contaminant at the interface is maiﬁtained

by diffusion from the bulk liquid.) Since resistance to evapora-

tion at the interface is insignificant, the air space immediately

adjacent to the interface will become saturated with contaminant

yielding a vapor pressure; Py in equilibrium with X;. Gas ]

phase diflusion'away from the interfaée governs the bulk concen-

tration of contaminant, P,-in the gas phase. (P* is the hypo-

thetical.vapor pressure that would be exhibited by the contaminant
fJin equilibrium with the bulk concentration, X, in,solution.)

aA-15



In equation 16, P gnd X have been defined above and the constant
of proportionality, H, is known as a Henry's law constant.
'Using equation 16, equation 15 may be revised.
o
-(P*=P) .= (— -5 ¢ (Pi-P) (17)
-inula

Using equation 17,  the overall mass transfer coefrféient K,
can now be related to the phase dependent mass transfer coeffi-
cients, kl and k , by a simple algebraic substitution of equations

12, 13, and 14 1nto equation 17.

1N ) J
G 1
Ko 1l Eg

~

Finally, since J, = Jg“- G for a steady state system, equation 18

reduces to:

i.
K

1
* 5 (19)
o 9

1"

Estimating geﬁeration rates for solutes of dilute solutions
therefore reduces to the problel!: of obtaining kl' kg, and H.
However , the gas phase mass transfer coefficient can be estimated
as suggested in Section B. Henry's law constants can be obtained
either from tabulations of such values (Thibodeaux 1979) or

ﬁestimated, as depicted in the end of this section. Finally,

.__

liquid phase mass transfer coefficients kl' relate to liquid
_,;_.-
phase diffusion coefficients, Dl' in the same manner as gas

ﬁf.-w!#ﬂi-
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The subscripts "g" and "1" in equation 12 and 13 refer to the .H)
gas and liquid phases, respectively. Two problems are associated
with such an approach, however. First, the overall Qeneration
rate and, correspondingly, the overall mass transfer coefficient
are.the quantities of interest. Second, the actual concentrations.
of contaminant at the interface, Xy and Py will not generally
be known.. Both of these prbblems can be overcome as follows.

aAn ove;all mass transfer coefficient can be defined for
this process.

G = KO(P* - P) (14)

In equation 14, the subscript_'o' stands for the overall coeffi-
cient. In addition, the driving force (P*-P) now only contains
terms relating to bqik phase concentrations, as in eépation 1.
This term can be expanded to relate to the gradient on each

side of the interface.

(P*-pP) = (P*-Pi) + (Pi-P) (15)
At this point, the major component of a solution (solvent)
and minor component (solu&é) must be treated separately. While
major components approximate pure substances, for minor components
of dilute solutions: gas phase and solution phase concentrations

are related by Henry's law (Adamson 1973).

P = HX | _5“ (16) I .H)
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into the exposure assessment equations and contaminant pressure,
P, solved for directly. For example, the steady state solution
to the equation:

4 -c-qp (21)

3o

is that contaminant concentration;vp, is a function of G and Q.

P = G/Q (22)

When P is significant, however, the correct functional form

of G (which is equation 1) must be substituted into the equation.

<
S

= ’{‘ﬁn(v"-p) - QP (23)

The éteady stﬁte solution to this equation is:

(24)
Equation 24 is interesting in that:
(1) If RA>Q (ventilation is insignificant) then P = p°

(the airborne concentration will reach the equilibrium

concentration as expected).
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phase coefficients relate to each other, equation 5, (see discus- h)
sion in Section B). Similarly, liquid phase diffusion coeffi-
cients, Dy, may be acquired from tabulations (Reid et al. 1972)

or extrapolated from related coefficients using equation 10.

3. Determination of Henry's Law Constants
Henry's law constants that have not been tabulated can
be estimated by their dependence on vapor pressure and solubility.
1f the solubility, S, of a substance in the ni xture being modeled
is known, the Henry's law constant for such a substance can
be easily derived (Adamson 1973).
L e 3 S
e -"-"S-.—VP a-% (20)
' S‘L-s-drs:*_.
In equation 20, P® is the vapor pressure of pure solute, S
is its solubility in the solvent under study, and H is the
Henry's law constant.

E. Estimating Generation Rates When Airborne Contaminant

Concentrations are Significant
For the vast majority of cases, airborne contaminant concen-

trations will be insignificant compared with equilibrium vapor

pressures: Pc<P°. 1In such circumstances, generation rates,

G, are effgctively independent of cont aminant pressﬁre; equation

2 is relevant; and G can be substituted into the equations

to perform exposure assessments directly. As contaminant pressure,
;'P, increases, however, generation rates become dependent upon

- P so that the functional form of G should then beasubstituted _H)
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aerosolsg
particulates

rapidly moving fluids
rapidly mixing £luids
fugitive emissions

and other cases.

. "ot
¥ -l -
R
+

It would be helpful, ultimately, to catalog and condense all

of these models (along with sparse but available experimental

generation rates) so that a complete manual for estimating

generation rates could be prepared.

These equations should

yield reasonably quantitative estimates for the systems that

they are specifically designed to model, in addition to providing

a qualitative sense of the relative importance of factors affecting

-

volatilization.
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(2) If KA<Q (the generation rate is small compared to

the ventilation rate), then: (:::::::—;2

rap®

P = o)

Examination of equation 2 reveals that this golution

is equiv&lent to equation 22.

-

(3) If KA = Q (ventilation and generation rates are compar-
able) then equation 24 must be used to determine

P accurately in an exposure assessment.

V. pDiscussion and Conclusions

Methods for obtaining values of parameters necessary to

determine generation rates have been presented. The greatest

e

strgngth of these methods rests with the ability to derive

a generation rate for a new chemical, when tpe generation rate

of another species has been determined for a comparable situation.
Thus exposure assessments for new chemicals may be performed

prior to commercial production. Because generation rates also
depend on engineering factors, however , application of these
methods is limited by the number of gituations that have been
analyzed in the past. Though the equations presented will

likely cover a majority of important cases, other equations

are available that would permit estimation of generation rates

f9:€
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WORKPLACE MIXING FACTOR--k

. General dilution ventilation air does not always mix per-

fectly and instantaneously with contaminated room air. If

. room air is not well mixed, pockets of poorly mixed air may

be found in the room. FPurther, the time for an air change
; 1
to occur in actuality will be much greater than the theoretical

time for an air change (V/Q). Mathematically, k is defined

_ as the ratio of times of a theoretical air change to occur

to the time observed experimentally (texpl.

k=L (25)
_ exp
The mixing factor, k, can also be thought of as the ratio

of effective ventilation to actual ventilation, or:

Mixing factors are usually determined by-tr;cer gas tech-
nique (Drivas et al. 1972). A k value of 1 means that the
room has ideal, perfect mixing. Actual values of k range from
1/3 to 1/10, depending on th; air 'supply system and room size.
Table A~2 lists some recommended values of k for rooms of approx-
imately 1,000 £t3 (28 m3). Larger rooms will have smaller

k galues.

v
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TABLE A-2

RECOMMENDED VALUES OF THE
. MIXING FACTOR, k

Description of

Supply Air System k
Perforated ceiling ‘ ' 1/2 ff??
Trunk system with anemostats 1/3
Trunk system with diffusers ' 1/4
Natural draft with ceiling

exhaust fans 1/6
Infiltration and natural draft 1/10

SOURCE: Brief 1960

','-l.‘i?;; )
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